Introduction
There have been various numerical approaches to the problem of electromagnetic scattering by dielectric cylinders of arbitrary cross section, among which may be cited the well-known moment method [Richmond, 1965] , the conformal mapping solution [Shafai, 1970] , the phase and amplitude functions solution [Shafai, 1971] , the unimoment method [Change and Mei, 1976] , the coupled surface integral equations method [Wu and Tsai, 1977] , the mode-matching method [Okuni, 1990] , and the equivalent source method [Shigesawa, 1990] . Richmond [1965] and Wu and Tsai [1977] solved the relevant integral equations numerically by discretization and matrix inversion. Shafai [1971] Copyright 1999 by the American Geophysical Union.
Paper number 1998RS900001.
0048-6604/99/1998RS900001 $11.00
The method of solution presented here may be called the state-space method because of its similarity to a more general three-dimensional vector scattering problem [Hizal and Tosun, 1973] . It is essentially a polarization-source formulation [Bates, 1972] in which the volume induction theorem is the starting point.
In state-space formulation, the fields are represented by an infinite series of cylindrical harmonics with position-dependent expansion coefficients. The infinite-dimensional system of differential equations for these coefficients is next projected into a f'mite-dimensional subspace, and the resultant system acquires a statespace form. This procedure yields a f'mite-dimensional two-point boundary value problem whose solution is achiebed with the well-known techniques of linear system theory.
The excitation is chosen to be a uniform plane wave or a line source parallel to the cylinder axis. The formulation is done for both transverse magnetic and transverse electric polarizations but numerical results are given only for the TM case. The material parameters of the scatterer (c•,c) are allowed to vary over the cross section but not with the axial distance.
With the widespread availability of really powerful computational techniques, the electromagnetic scattering problem is no longer an unsolvable one. Yet novel ways of solving such problems seem to maintain continuous popularity in the related literature. We hope in this respect that the method proposed in this paper will have a similar role.
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Formulation
TM Excitation Case
We consider an infinitely long dielectric cylinder with an arbitrary cross section, as shown in Figure 1 . A TM-polarized plane wave is incident on the scatterer with an angle •o with respect to the +x axis. We denote the cross-sectional surface of the cylindrical scatterer by ,4 and denote its boundary contour by C.
The scatterer is assumed to be nonmagnetic, so /• =/•o everywhere. The scattered field E• due to the induced conduction and polarization currents can be written as [Harrington, 1961] solutely zero at x=0, the singularity problem is not an analytical one. So it must be handled numerically. This is done by isolating the point x=0 from numerical calculations. The numerical integration in the solution of (23) is to start at a value which is different from zero (if the scatterer is not of a shell shape) but which should be small enough. In actual computations, we chose = 10 -6 , and this value proved to be quite satisXinitial factory in the sense that beyond this limit down, the final values of the scattering coefficients do not change appreciably.
Numerical Applications
The Method of Solution
What we have obtained in (23) is a system of firstorder linear differential equations of size (4N + 2)x (4N + 2). To solve this system, the fifth-order Runge-Kutta-Fehlberg method (which integrates the system over the interval x• to x2 with specified initial conditions and self-controlled step size) is used. It should be noted that the final expression for the scattering coefficients, namely, equations (26) 
Convergence of the Numerical Technique
The scattering parameters are sensitive to the truncation number. It is natural to expect that as the truncation number is increased, the results should tend to be invariant and more correct. This was actually observed numerically on all the examples considered. No effort has been made on the analytical aspects of the convergence problem because this requires a detailed functional analysis on the properties of the operators involved in the solution technique. A priori estimation of the required truncation number and the error bounds in relation to this truncation number are actually fundamental problems in the area of resonant scattering. We believe that any serious attempt in this respect is a very important study in itself. We therefore restricted our work to the numerical tests on the convergence problem. It has been observed that the state-space method is a well convergent one. This was proved to be the case on the numerous examples treated. Some of the convergence results are shown in the respective figures. The question of how fast the method converges depends on the optical size, shape details, and the inhomogeneity of the scatterer. The nearest integer to twice the maximum optical size (physical size of the scatterer cross section in terms of wavelength) can be taken as a measure of the required truncation number. This choice proves to be satisfactory in the sense that increasing the truncation number beyond it has no appreciable effect on the scattering parameters. On the other hand, two scatterers of equal optical size may show different convergence properties depending on the variation of material parameters on their respective cross sections.
It is not easy to make deftmite statements about comparative computation times for the state-space method and others because different solution techniques are usually tested on different machines, and, most of the time, no detailed computational time behavior is documented. However, it is believed that the state-space method is computationally comparable to the other existing methods.
Scatterers Considered and Validation
The state-space method was first tested on problems for which exact solutions are available. These include a solid circular dielectric cylinder and a circular dielectric shell, TM wave scattering from such shapes has an exact eigenfunction expansion solution provided that the permittivity is constant over the cross section. Excellent agreement was established between the state-space results and the exact ones. For a circular shell the statespace differential equation system becomes decoupled in the scattering coefficients. A sample result is given in Figure 3 .
There have been results in the literature on crosssectional shapes other than circles. To test the statespace method for a noncircular cross-sectioned cylinder, we took again a circular cross section, but this time we located the coordinate origin not at the center of the circle but somewhere off center. Since this problem has an exact solution, we found it to be representative enough for a meaningful comparison. The exact and state-space results are compared in Figure 4 Results for a lossy circular cylinder obtained with the state-space method were found to be in excellent agreement with those found with the boundary condition transfer method [Tosun, 1994] (Figure 10) .
We also considered a lossy elliptic cylinder excited with a plane wave. The convergence test results are given in Figure 11 . Figure 12 shows the results for different values of scatterer conductivity and the comparison with Wu and Tsai [1977] , which shows very good agreement.
Conclusion
The problem of electromagnetic scattering by penetrable bodies has been formulated as a reradiation problem using the volume equivalence theorem. A set of linear differential equations is obtained for the position-dependent expansion coefficients of the unknown electric field. This system is in the state-space form, for which highly developed and efficient solution techniques are available. The cross-sectional shape of the cylindrical scatterers is introduced into the calculations through the so-called shape factors, which arise in the elements of the characteristic matrix of the system of differential equations. The formulation is actually a two-point boundary value problem. In actual solution, however, only initial-value problems need to be solved. A further numerical elaboration of the state-space method for both TM and TE scattering is under investigation and is hoped to be presented in a future paper.
The state-space method is intended to have a place of its own in the large spectrum of solution techniques for electromagnetic scattering by dielectric cylinders of arbitrary cross section.
